The Astyanax scabripinnis complex is composed of a large number of almost morphological indistinguishable species, including Astyanax paranae and Astyanax rivularis, which exist in the Paraná and São Francisco Basins, respectively, and sometimes are considered subspecies of the A. scabripinnis group or even are cited just as A. scabripinnis. The two river basins are separated by the Upper Paranaíba Arc, likely the main cause of the isolation of these species. We used geometric morphometric tools and DNA analyses of populations of both species to identify the differences between them. Geometric morphometrics separated the two species into distinct groups, whose main difference was the body depth. This is generally related to the speed of the water flow in the river basins. The maximum likelihood phylogram based on mitochondrial DNA sequences formed two main clades: one composed of the population of A. rivularis and the other, of A. paranae. In the haplotype network, the species were similarly separated into two groups from the same ancestral haplotype, with A. rivularis dispersing into two lineages in the São Francisco River Basin. The distribution of A. paranae is a consequence of a secondary dispersion event in the Paraná River Basin. It forms two lineages from a haplotype derived from the ancestor. The vicariant effect of separate basins, through the elevation of the Upper Paranaíba Arc, led to the allopatric speciation of the populations originating the present species. The results of geometric morphometrics and molecular data of the fish show the importance of this geological event in the biogeography and evolutionary history of the ichthyofauna of the region and indicate that the isolation of these species seems to be effective.
Introduction
The genus Astyanax Baird and Girard, 1854, is composed of fishes popularly known as piabas or lambaris. The genus belongs to the Characidae family and has about 160 species distributed on the Neotropical region watershed [1] .
The species complex Astyanax scabripinnis is an example of the morphological and genetic diversity of the genus. Previously considered as a single species, Moreira Filho and Bertollo [2] , proposed that it was a species complex, based on variations found in cytogenetic and phenotypic characteristics. Fishes of the complex usually inhabit the headwater of rivers and small streams [3] , which results in isolated populations that could be driven to allopatric speciation [2] .
The fishes of the complex are widely distributed through large hydrographic basins, as Paraná River basin and São Francisco River basin [4] . These two hydrographic basins were separated by the uplift of the Upper Paranaíba Arc, which increased the degree of isolation of the existent populations [5] . As a representative species from São Francisco River basin, we have A. rivularis; meanwhile from Upper Paraná river basin A. paranae can be found, with low tendency to migration [6] . Astyanax rivularis and A. paranae are strongly related [7] and in spite of belonging to different basins these two species do have several ecological, morphological, and genetic similarities.
Delimiting related species or species within a complex is a hard task that demands studies on several areas to achieve a consensus on the procedure to separate them [8] . Despite the attempt to revise the Astyanax scabripinnis group, the taxonomists have difficulties to determine the nominal identification by just analyzing the samples. Molecular and morphological analyses could be some of the tools used for this delimitation [9] .
Geometric morphometrics studies are efficient to demonstrate morphological differences between species within a species complex [10, 11] , while phylogenetic and phylogeographic analyses based on mitochondrial DNA (mtDNA) allow elucidating evolutionary relationships and divergence of organisms [9] .
Astyanax paranae and A. rivularis represent equivalent species formerly united under the A. scabripinnis complex that are distributed along an important watershed separating two major hydrographic basins. The present work aims to evaluate the morphological and/or genetic structuring among and within populations in adjacent region of the distribution of these two species.
Material and Methods

Specimens Sampling.
The individuals of A. paranae were collected in Paranaíba and São João rivers andÁgua Grande and Lava Pés streams, belonging to Upper Paraná river basin. Astyanax rivularis samples were collected from Do Boi, Borrachudo, and Abaeté rivers, and Tiros and Vereda Grande streams, along the region of Upper São Francisco ( Figure 1 ). All the specimens were deposited in the collection of Laboratory of Ecological and Evolutionary Genetics at the Federal University of Viçosa (UFV), campus Rio Paranaíba. and 4x zoom. The software TPSUtil 1.6 [12] was used to group and format the data at a suitable file. Fourteen anatomic landmarks were selected to represent the general body shape of the fishes (Figure 2 ).
The landmarks were digitized with the use of the TpsDig 2.26 software system [13] . The transformation of data from the matrix by procrustes superposition was conducted with the aid of the PAST v2.17 software system [14] , aiming to delete errors of scale, orientation, and position. The differences observed resulted only from shape variation [15, 16] . The difference between body shapes over species was determined by analyzing the canonical variables associated with Multivariate Analysis of Variance/Canonical Variance Analysis (MANOVA/CVA) [17] , with the inference of consensus shape for each species on software MorphoJ 1.18 [18] .
Phylogenetic Analysis.
Twenty A. paranae individuals from the three populations of Paranaíba River Basin (Paranaíba and São João rivers, andÁgua Grande stream) and twenty-four A. rivularis individuals from São Francisco River Basin (Boi, Borrachudo, and Abaeté rivers; Tiros and Vereda Grande streams) were used for molecular analysis.
DNA was isolated from liver and heart samples of each specimen following the commercial protocol of the PureLink Genomic DNA kit by Invitrogen. The samples were quantified by electrophoresis on 1% agarose gel and Low Mass DNA ladder by Invitrogen, with posterior dilution to the final concentration of 10 ng/ L of DNA. The amplification of Cytochrome b gene was carried out using primers H16460 -5'CGAYCTTCGGATTACAAGAC3' and GluDG.L -5'TGACCTGAARAACCAYCGTT3' [19] . The mitochondrial DNA from at least 3 individuals from each population was amplified and sequenced resulting in a fragment with 670 bp. The amplified sequences from Lava-Pés and Parque de Exposição streams were shorter and of poor quality than the others used in this work and therefore were excluded from further analysis. The PCR was conducted on a thermocycler with 25 L reaction tubes containing 2,5 L PCR 10X buffer, [21] at the MEGA v6.06 [22] . The evolutionary model calculated by the software was HKY+G, with which the maximum likelihood phylogram was generated with 1000 replications. The p-distance between the sequences of the two species and the subsequently groupings was also calculated. The MEGA v6.06 software system [22] , DnaSP 5.10 [23] , and Network v4.6 were used to build the Cytochrome b haplotype network according to Median Joining Algorithm [24] .
Results
Geometric Morphometrics.
The multivariate analysis (MANOVA/CVA) for the species showed shape differences between them (Wilke's lambda: 0.03236; df1 = 84; f = 4.69; p < 0.0001). The canonical axes CV1 explained 56.4% and CV2, 31% of the variation (Figure 3(a) ). Alternatively, according to the molecular data, four groups were analyzed and showed morphological structuring (Wilke's lambda: 0.01105; df1 = 112; f = 4.01; p < 0.0001) with canonical axes CV1 explaining 60.1% and CV2, 22.1% of the variation (Figure 3(b) ). The consensus shapes for each species are presented in Figure 4 . Astyanax paranae's shape shows a higher body depth, while A. rivularis' shape presented a lower body depth and longitudinal elongation, when compared to the first one. According to the results found on phylogenetic analysis and haplotype network, each species was separated on two groups from which the genetic distances between and within them were calculated. The groups match exactly with the clades observed on the phylogenetic analysis, so they were named as seen on there. The distances from the species as a whole were also calculated in 0.025. The results are shown in Table 1 .
Haplotype Network.
The haplotype network generated by the software system showed two extremities. Each one was from one species, connected at the center by the missing haplotype mv2 (Figure 6 ). Twelve haplotypes were identified, six from each species, with 22 variable sites of Cytochrome b gene. The A. rivularis' extremity presented a bifurcation originated from haplotype mv2. Except for haplotype #1, represented by four individuals from Tiros stream, and haplotype #6, represented by only one individual from Do Boi River, the remaining haplotypes were represented by individuals from mixed populations.. In A. paranae, São João river specimens were represented by haplotypes #7 and #8, 
Discussion
The results showed that the species under study have visible morphological differentiation and genetic structuration. Astyanax paranae has a fusiform body, compared to A. rivularis, with a typical shape of higher water flow environments [25] . A. rivularis presents lower body depth in addition to a longitudinal elongation when compared to A. paranae. Such characteristics are usually associated to environments with lower speed water [25, 26] . According to Atlas dasÁguas [27] , the average water speed at the sampling sites for the Upper Paranaíba populations is higher than that found in the São Francisco River Basin region, which matches with the body form variations found (Figure 4 ). These data expand that one by Moreira-Filho and Bertollo [2] , who proposed that species of A. scabripinnis complex would be morphologically adapted into a wide range of environments. Recent studies reinforce the great morphological plasticity of the genus and demonstrate that different species in the same environment could present distinct phenotypic adaptations [28, 29] . Thus, divergent evolutionary mechanisms at each basin could change the adaptive response, since environmental exploration and interaction with other species affect character selection, habitat colonization, and, hence, genes [30] . This could accelerate the evolutionary process that generates diversification of characters, even driving to allopatric speciation [31] , since different genes tend to fix in different populations due to the particular selective pressures of each habitat.
The phylogenetic tree of the local tetras indicates a clear distinction between the two species, with the formation of a clade composed only by A. rivularis (clade A) and other composed only by A. paranae (clade B). The calculated 2,5% genetic distance corroborates the idea of different species, since April et al. [32] established 2% as the threshold of difference on DNA base composition from fish mitochondrial DNA to sustain the separation of distinct species.
In both clades, the relationships found are consistent with the geographic distribution of the rivers in which the individuals were collected. For A. rivularis (clade A), the diversification of populations seems to be more recent, due to lower structuration of the populations. Subclade A1 isrepresented by nearby and interconnected watercourses, which explain the clustering observed between them. However, between populations of subclade A2, there is no connection relationship between the rivers. Nevertheless, there is a geographical proximity at some points along the rivers, which would mean that the two initially isolated populations may The Scientific World Journal 5 2231 Vereda (10) 2232 Vereda (10) 2230 Vereda (10) 2228 Vereda (10) 2226 Vereda (10) 2161 Boi (9) 2152 Boi (9) 2151 Boi (9) 2147 Boi (9) 2153 Boi (9) 2048 Borrachudo (8) 2050 Borrachudo (8) 2034 Tiros (7) 2032 Tiros (7) 2035 Tiros (7) 2036 Tiros (7) 2529 Abaeté (6) 2530 Abaeté (6) 2046 Borrachudo (8) 2047 Borrachudo (8) 2049 Borrachudo (8) 2528 Abaeté (6) 2531 Abaeté (6) 2889 saojoaop2 have some contact, in case of floods, a common occurrence in the region [33] , or even due to human intervention. The structuring of populations is more evident among the A. paranae (clade B), which demonstrates physical isolation between them. Subclade B1 is composed of an isolated river, which reflects on the structuration observed. Subclade B2 groups two distinct populations, which come from nearby and connected water bodies, sinceÁgua Grande stream is a tributary of the Paranaíba River. Despite the geographical proximity between these rivers, unlike the observed in São Francisco River Basin, fauna changes due to floods are improbable, since the hydromorphological characteristics of the basin do not support such event [34] .
The haplotype network coincided with the results found in the phylogram of maximum likelihood, with two extremities, each one composed of only one species, which matches the geographic distribution of the basins. Besides the existence of three clades for A. rivularis on the phylogram, only two lineages were found for the species. The lineage B corresponds to clades A1 and A2, whose genetic distance is only 0.4%. That fact, in addition to shared mutational steps on same sites, as evidenced in Figure 6 , may explain why there are only one lineage for these two different clades. Haplotype mv2 can be seen at the center of the network and could not be collected or may be extinct. According to Coalescent theory [35] , mv2 would probably be the ancestral haplotype, i.e., the one that existed before the separation of the basins. Thus, we can infer that the process that drives the establishment and evolution of the ancestral haplotype was different in each basin.
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The Scientific World Journal The establishment of A. rivularis at the basin probably occurred with the dispersion of two lineages, A1 and A2, from the ancestral haplotype. The presence of individuals from Borrachudo River in both lineages could indicate the occurrence of homoplasy in the sequences, probably due to the geometry of the network [35] or maintenance of the ancestral haplotype [36] . However, in A. paranae, firstly there was the establishment of descendent haplotype mv1, derived from ancestor mv2. After this initial event, a secondary dispersion occurred along the basin, which also resulted in two lineages, B1 and B2, from the studied populations ( Figure 6 ). Although lineages within each species appear to be divergent, most notably at A. rivularis case, the clustering found in the maximum likelihood phylogram and MANOVA/CVA and the low genetic distances between them indicate that there are only two species involved at the analysis.
The populations of both species, physically separated, may have passed through different evolutionary events, which led to the genetic and morphologic differentiation observed. Reduction or interruption of gene flow among them, due to isolation, leads to the accumulation of unique changes of the evolutionary history of each species. That fact, associated with the observed differentiation along with natural process of genetic drift and natural selection [37] , leads us to believe in allopatric speciation as the responsible for the origin of species.
One of the main phenomena that affect this type of speciation is the vicariance [38] , which occurred with the A. rivularis and A. paranae populations. The Upper Paranaíba Arc separates São Francisco River Basin from the Paraná River Basin, since a rock elevation emerged at Meso/Neocretaceous [5] . The rising of the elevation may have led to the isolation of species previously shared by both basins, acting as a vicariant event to them [39] . Different aspects of each basin, i.e., altitude, average speed of water, fauna, and flora composition, may have been agents to the diversification between the two species. Other works on species of the genus suggest the same board of speciation after the uplift of Upper Paranaíba Arc [40] .
Conclusions
Although the identification of these species is often difficult due to the absence of diagnostic morphological characters, the genetic and morphological data shows lines of evidence that populations of Astyanax rivularis and Astyanax paranae are not intermixed, hence being different evolutionary units. The uplift of the Paranaíba Arc seems to be the main reason for this, reinforcing vicariance and allopatry roles in the evolution of the Astyanax genus and the strict relation between natural formation of hydrographic basins and their inhabitant ichthyofauna.
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